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Basic Fringe Quantities

Fringesineand cosine: X:=A-C Y:=B-D

o n2 (X2+Y?%- N)
Visibility: V2— > - Ndarg
- I

Phase: tang = 0 2

i
VR< ] JM NV
4 /1+0.5NV?

Signal-to-noise:




Photon-Rich and Photon-Starved Observations

¢ Photon-rich regime: Vi1

SNRoc vV MN v Tohs

‘e Photon-starved regime; NV2 « 1

SNRox vV M x N = VMN X /N & /Tgns % Teoh

e The bottom line: you need two photons to do interferometry!

¢ Sensitivity of interferometer is limited by the number of pho-

tons in coherence volume (e.g., 7 i-"é X €70)



Table Ib. Source-referenced Mode Sensitivity
Phasing & Cophasing. Long-Term Case
Telescope Diameter 2-m
Seeing | H | K L | M| N Q |

.57 112 123|104 81 | 5.3 2.4
351 8 | 21 |110)320| 1100

1.07 89 (101 85 | 6.7 | 2.9 2.0
280 ] 59 | 120 380 | 460 | 1 600

Units: ypper lines are magnitudes ; lower are millidy

FPhasing: ¥V = 1 or ¥V # 1. Cophasing: I¥ = 1.

1.0” seeing < r,{0.54m) = 10 em.

Table Ib. Source-referenced Mode Sensitivity
Phasing & Cophasing. Long-Term Case
Telesmpe Diameter 8-1m

Seeing || H K L | M| N {J
0.5" 1.2 123|104 | 86| 7.6 5.4
|| § | 21 | 69 | 38 70
1.7 10.1| 85 | 6.7 | 5.8 4.5
J EED 59 1 120 | 390 | 210 150
Units: upper lines are magnitudes ; lower are milliJy
Phasing: V =1 or V # 1. Cophasing: ¥V =
1.0" seeing <& r,{0.5pm) = 10 em.

Table T1L Off-source Referenced Mode Sensitivity
Integration Time AT = 10 minutes. Long Term case
Telescope H K L %1 N Q
>m+ Zm || 211 | 204 [153]122| 85 | 56

004 | 003 | 24 | 2.5 ¢ 11 59
S+ 8-m g 241 { 234 J 183|152 119 8.0
ogo2 | .0003 | 015 | (25 | 72 ) 3.7

Units: upper lines are magnitudes ; lower are milliJy
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Fringe Tracking

Fringe tracking requires SNR & 10 within one
coherence time of the atmosphere (a few mil-

liseconds in the visible, scales with X6/ %,

What can be done if NV?2 is too small?

¢ Wavelength bootstrapping or baseline boot-

strapping gives larger 172 on the same source.

o Off-source fringe tracking can be used if a

bright reference is available,



Off-Source Fringe Tracking

The reference source must be within the isopla-
natic field of the science target (a few arcseconds

in the visible, scales with A5/%),

The reference source can also be used for wave-

front sensing in an adaptive optics system.

Tn this case the sensitivity of the interferometer
is essentially identical to the sensitivity of a sin-

gle telescope with the same diameter.
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0 Imaging - technical

¢ Maximum 6
telescopes

e Cophase on max.
6-1 baselines at
H/K, on bright

point source

e Image on max. 15
baselines

17




Applications of Phase Referencing

¢ Off-axis phasing of interferometer on nearby guide star

e Observation in narrow wavelength channel with fringe track-

ing in wide channel

# Observation in wavelength channel with low visibility (a.k.a.

wavelength bootstrapping)

¢ Observation on long baseline with fringe tracking on short

baselines (a.k.a. baseline hootstrapping)

e Measurement of phase shift as a function of wavelength
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Phase-referenced visibility averaging
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Abrirwct, In the phoinn-strved regime, e i ihl-C-aise m-
fic of interfartynenric data depends on Lhe woberenl hbegration
limoe T evrend dbe niegration ime beytd i Limit impessd
by almogpheric Auctadons, (he phies aken in 1 namess "'aig-
nel" channel cas be correcked b meferanciag tham o hoe
taken in e wider “treckmg' chaseel. A number of instromenisd
end atmcapheric cffects decamalae the phases in the (wa chan-
taly end Lhus constrain the mamges of conditions ucder which
thye phase-referencing tecbnmgos o0 be wsed. In the case of the
bABLI] 41| o interferometer, diffecentinl rfraction af iniermedi-
otz bo [arge zenith angles is the most mpodant limdation. Teats
vt ML diwis i i photon-rich megime Cemomire thal the
phase- referencing Y niques vearks well st moderate zenath an-
gles. In Gie pheton-starved regime. the expecitd improvement
of the tigmal-lo-noiss mia ia readily chserved. We i phase-
referenad dars waken an the brighl star o Hoo alass ta e fimc
il] of the vighility Function 1o show thal e METT data wre
Free foomw Additive bins st the V2 £ 10 ™ leve]. The shasnce of
any bina [arger than thus value is B0 imporiant cequingnsar for
Fulure imagang [nedferometers.

Kxy worde atmespheric effects — insinamentacion: inkrterom-
eters — methods; observational - methode: dats smalysic - lech-
niques: interferomelic

1. [otreduction

The use of phaoes in asbonooib: inkesferometry i severely lim-
ited by the pathlength flectosrions of the sarib’s wmosphere.
Two different npproaches are widely used 1o deal wnth the prob-
Lean < phise soeruption: clogune phese mechods [oF phase self-
wcablbrranion), and phase-referancing. [ the Laster techngque, te

Send ofprine requerces br AL Quitrenbach (Gerching sddes)

phase jofoomation from e reference obgact 15 used i determine
the amoapheric phase. amdd W comrsct the phise of de trge:
goamce: aceordiogly.

While in Tadio 3sronamy the atmoapharic coharance time
i Ivpically several minwies, and e coheranee aagie several de-
grees, the comregponding valoas in the optical ragime are only of
order ten millisaconds and 4 faw arewseronds. These limitations
preciude the use of $oarce-gwidching siratsgies and require the
Eirmoltamemus obeeryauiom of baget and refansnca object. While
ihis mizhl eppear t3 be 2 wery resrctive mquiromenl, there ane
saveral impontant applications af phase-referencing b optical
lng-haaaline interfernmetry. First, the phase difference can e
wiad &g a8 printary abservable in astrometric™ applcalions £.5.
to deermiine the posiions] offset of a circomatellar snvelope
fram the central star, or to search for Lee reflex motion of atan
crbited by planets, {1n e Jstter case, » sunable mEveanca objeat
i needed widhin the isoplamatic. paich. ) Second. the miErence
phasa cam be wsed o inoreace de effective amosphen oohet-
erice pime, allowing longer eoheren: inkgrabons on the tacgl
SO,

In thas pispey, we will discuss the oaherent inlegration of visi-
bality amplatudes i a ' 'oarr aw® apectral channel, uning the phas:
in o boukler channe] bd & referencs. This ischokque will be ap-
phed e dyra talean widh the METII interferemetes’ . In Bect, 1w
will sumTiafize the most irmpooie il fealores of the ML iosine-
mesd arvd e pcriba the phace-referencing algocithm. n Sect, 3
we will review (e powress of systamanc emors asd fundameso-
tal limileiions ke e Rcheique. Tn Seo d we will deaoribe 6
i=s) of phigerfamacing vsing dats wilh bigh cigns-to-noise
and compare the gl wath Georetical predictions. In Sect, 5
we will show the applicatiin of de sl porithm oo deaia with Jow
o gnal-toenccse. Finally, we woll summarize the resubs end dis-
cuks 2okl fta e spplications in Secl 6,

U The MLl Opeleal Dnoerferometsr [oonied on bt, "Wilson near Las
Angele A s operated by 1he Remode Senmirg Davision af the Maval
Feoarch Labwcalary {~RLYL

& European Snuthern Observatory * Provided by the NASA Astrophysics Ihata System



Visibility Reduction

e Phase variations during the coherent integration time reduce
the visibility
a2
o If r:r?b is the phase variance, V2 5 nV2=¢ "¢ V2

e Solution 1: keep phase variations small (requires many photons

and fast servo for fringe tracking)

e Solution 2: break up total observing time in sections small
enough to show no phase variations (incurs a signal-to-noise

penalty)

¢ Solution 3: determine and corrcct phase fluctuations




Mark 11I: Incoherent Averaging

e Feed fringe tracker with wide-band light (centered at 700 nm)

e GGet bin counts A, B, C, D in narrow signal channel for many

4 ms intervals
e Estimate V2 from bin counts for each interval

e Average estimates of V2 for each scan (75s to 300s)



Mark III: Phase-Referenced Averaging

o Feed fringe tracker with wide-band signal (centered at 700 nm)

e Get bin counts A, B, C, D in signal and tracking channcls for

many 4 ms intervals

e Estimate phases ¢ and ¢ in signal and tracking channels for

each 4 ms interval
e Define X, + iY, = V, €i%r = V; Ei(ﬂf’ri\ﬁtﬁt)

e Average X, and Y for up to 1024 ms; calculate V* for each of
these intervals

e Average V? for each scan (75s to 300s)
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Decorrelation Effects

¢ Photon noise in tracking channel

e (Color and visibility dependence of effective tracking wavelength
¢ Stroke mismatch (A, B, C, D don’t correspond exactly to A/4)
e Fringe jumps (¢¢ — ¢ £ 360°)

e Dispersion (@atm, s 7 % ¢hatm, ¢), can approximately be taken

into account in definition of referenced phase)
e Anisoplanatism {if tracking on off-axis source)

e Differential refraction (light at s and Ag takes different paths)

e Diffraction



Hufnagel model atmosphere 700 nm
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KECK INTERFEROMETER CDR

Keck DSM

Field Separator with 10 arcsec dia. hole

25 August 1998 Dual Star Module
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Layouts for the dual beam instrument
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Key Science Topics for Phase-Referenced Imaging

e Active galactic nuclei, radio galaxies and quasars
e High-redshift galaxies

e Stellar population in the Galactic Center cluster
e In general: faint science close to guide stars

e [n addition: observing and fringe tracking at different

wavelengths
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High Resolution Imaging

HST-WFPC2
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Cluster Core Model
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Over small fields of
view SIM will show ‘e =
details that currently 1 ]l . &k
elude large telescopes. ; ' :
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